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The invention includes a method and apparatus for modu 
lating one or both of spectral phase and amplitude of a 
received optical signal. The apparatus includes a spatial 
dispersion mechanism for spatially dispersing the received 
optical signal to enable optical communication of the 
received optical signal to an array of modulators. The 
apparatus includes a modulating mechanism having a first 
modulating component and a second modulating compo 
nent. A first portion of the spatially dispersed optical signal 
is incident on the first modulating component and a second 
portion of the spatially dispersed optical signal is incident on 
the second modulating portion. The apparatus further 
includes a controller coupled to the modulating mechanism. 
The controller is adapted for moving the first and second 
modulating components in a direction normal to their planes 
for modulating one or both of phase and amplitude of the 
received optical signal. 
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APPARATUS FOR MODULATING ONE OR BOTH 
OF SPECTRAL PHASE AND AMPLITUDE OF AN 

OPTICAL SIGNAL 

FIELD OF THE INVENTION 

0001. The invention relates to the field of communication 
networks and, more specifically, to the modulation of optical 
signals. 

BACKGROUND OF THE INVENTION 

0002. In general, various optics fields require control of 
spectral phase and spectral amplitude of an optical signal. 
The control may be achieved by spatially dispersing and 
modulating spectral components of the optical signal. The 
spatial dispersion of the optical signal is typically accom 
plished using a spatial dispersion arrangement, Such as a 
lens-grating combination. The modulation of the optical 
signal is typically accomplished using a spatial light modu 
lator. Disadvantageously, existing spatial light modulators 
cannot Support both phase modulation mode and amplitude 
modulation mode; rather, existing spatial light modulators 
operate in one of either a phase modulation mode or an 
amplitude modulation mode. Thus, existing spatial light 
modulation systems utilize two spatial light modulators in 
series in order to control both spectral phase and spectral 
amplitude of an optical signal. 

0003. Furthermore, prevalent spatial light modulation 
technology is based on liquid-crystal modulators, requiring 
polarization of the input optical signal in an appropriate 
state. Unfortunately, Such limitations have restricted appli 
cation of spectral phase and amplitude modulation to labo 
ratory experiments in which a required polarization state is 
easily controlled, and associated cost and losses of cascad 
ing two spatial light modulators in series becomes tolerable. 
AS Such, existing spatial light modulation systems are inef 
ficient, difficult to control, and, therefore, expensive. 

SUMMARY OF THE INVENTION 

0004 Various deficiencies in the prior art are addressed 
through the invention of a method and apparatus for modu 
lating one or both of spectral phase and amplitude of a 
received optical signal. The apparatus includes a spatial 
dispersion mechanism for spatially dispersing the received 
optical signal to enable optical communication of the 
received optical signal onto an array of modulators. In one 
embodiment, the array of modulators includes a first linear 
array of modulating components and a second linear array of 
modulating components. A first portion of the spatially 
dispersed optical signal is incident on the first linear array of 
modulating components and a second portion of the spatially 
dispersed optical signal is incident on the second linear array 
of modulating components. The apparatus further includes a 
controller coupled to the modulating mechanism. The con 
troller is adapted for moving the first and second linear 
arrays of modulating components in a direction normal to 
their planes for modulating the phases of the first and second 
portions of the spatially dispersed optical signal. A spatial 
filtering mechanism modulates one or both of spectral phase 
and amplitude of the received optical signal by spatially 
filtering the phase-modulated portions of the spatially dis 
persed optical signal. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0005 The teachings of the present invention can be 
readily understood by considering the following detailed 
description in conjunction with the accompanying drawings, 
in which: 

0006 FIG. 1 depicts a high-level block diagram of an 
optical signal processing system; 
0007 FIG. 2 depicts a high-level block diagram of a 
spatial light modulation system including a spatial light 
modulator, in which the spatial light modulation system 
spatially disperses a received optical signal Such that a 
spatially dispersed optical signal is incident on the spatial 
light modulator; 
0008 FIG. 3 depicts a high-level block diagram of the 
spatial light modulation system of FIG. 2 including the 
spatial light modulator of FIG. 2, in which the spatial light 
modulation system propagates the modulated optical signal 
from the spatial light modulator for coupling into an output 
optical fiber; 
0009 FIG. 4 depicts an incident view of a plurality of 
modulating component arrays of a spatial light modulator 
according to one embodiment of the invention; 
0010 FIG. 5 depicts an incident view of a plurality of 
modulating component arrays of a spatial light modulator 
according to one embodiment of the invention; 
0011 FIG. 6 depicts an incident view of a plurality of 
modulating component pairs of a spatial light modulator 
according to one embodiment of the invention; and 
0012 FIG. 7 depicts an incident view and a cross 
sectional view of a spatial light modulator according to one 
embodiment of the invention. 

0013 To facilitate understanding, identical reference 
numerals have been used, where possible, to designate 
identical elements that are common to the figures. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0014. The present invention is discussed in the context of 
an optical signal processing system; however, the present 
invention can be readily applied to other optical systems. In 
general, the present invention includes an apparatus and 
method for modulating one or both of phase and amplitude 
using a single spatial light modulator. In accordance with the 
present invention, adjacent pairs of modulating components 
in an array of modulating components are controllably 
moveable in a direction normal to the respective planes of 
the modulating components for modulating one or both of 
phase and amplitude. In accordance with the present inven 
tion, the single spatial light modulator is polarization insen 
sitive. 

0015 FIG. 1 depicts a high-level block diagram of an 
optical signal processing system. As depicted in FIG. 1, 
optical signal processing system 100 includes an optional 
preprocessor module (PM) 110, an optical spectral modula 
tor (OSM) 120, an optional postprocessor module (PM) 130, 
and a control module (CM) 140. As depicted in FIG. 1, CM 
140 communicates with each of PM 110, OSM120, and PM 
130. As depicted in FIG. 1, CM 140 receives and executes 
commands adapted for controlling PM 110. OSM 120, and 



US 2007/008 1223 A1 

PM 130. Similarly, as depicted in FIG. 1, CM 140 generates 
and communicates commands adapted for controlling PM 
110, OSM 120, and PM 130. 

0016. As depicted in FIG. 1, PM 110 receives optical 
signals from an optical input fiber 102. The PM 110 
performs preprocessing of the received optical signals. The 
PM 110 sends the preprocessed optical signals to OSM 120. 
As depicted in FIG. 1, OSM 120 receives preprocessed 
optical signals from PM 110. The OSM 120 performs 
spectral phase and/or amplitude modulation. The OSM 120 
sends the modulated optical signals to PM 130. As depicted 
in FIG. 1, PM 130 receives the modulated optical signals 
from OSM 120. The PM 130 performs post-processing on 
the modulated optical signals. The PM 130 directs optical 
signals towards a downstream network element (not 
depicted) via an optical output fiber 102. 
0017. As depicted in FIG. 1, PM 110 is operable for 
performing various optical signal pre-processing functions. 
For example, PM 110 may include optical characterization 
modules, optical power monitoring modules, optical ampli 
fiers, dispersion compensation modules, and like optical 
signal pre-processing modules. As depicted in FIG. 1, PM 
130 is operable for performing various optical signal post 
processing functions. For example, PM 130 may include 
optical amplifiers, optical characterization modules, and like 
optical signal post-processing modules. Although described 
with respect to specific functions, those skilled in the art will 
appreciate that PM 110 and PM 130 may perform various 
other optical signal processing functions. 

0018. Although depicted and described with respect to 
specific functional components of an optical signal process 
ing system, the present invention is not intended to be 
limited to a specific optical signal processing system con 
figuration. As such, although depicted and described within 
the context of a particular optical signal processing system, 
the present invention may be used in various other optical 
signal processing systems. Furthermore, although explicitly 
depicted and described with respect to FIG. 1, those skilled 
in the art will appreciate that spatial light modulators may be 
used in different components of the optical signal processing 
system depicted and described with respect to FIG. 1. For 
example, a spatial light modulator in accordance with the 
present invention may be used in optical wavelength selec 
tive Switches, optical channel blockers, and like optical 
signal processing modules and systems. 

0019. A spatial light modulation system is depicted and 
described herein with respect to FIG. 2 and FIG. 3. The 
spatial light modulation system spatially disperses the 
received optical signal Such that a spatially dispersed optical 
signal is incident on the spatial light modulator for modu 
lating the spectral phase and spectral amplitude of the 
optical signal. The spatial light modulation system propa 
gates the modulated optical signal from the spatial light 
modulator for coupling into an optical output fiber. In 
particular, propagation of a received optical signal from an 
optical input fiber to the spatial light modulator is depicted 
and described herein with respect to FIG. 2, and propagation 
of a modulated optical signal from the spatial light modu 
lator to an optical output fiber is depicted and described with 
respect to FIG. 3. A spatial light modulator according to one 
embodiment of the present invention is depicted and 
described herein with respect to FIG. 4. 
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0020 FIG. 2 depicts a high-level block diagram of a 
spatial light modulation system including a spatial light 
modulator. Specifically, spatial light modulation system 200 
of FIG. 2 includes an optical input fiber 210, an optical 
output fiber 210, an optical interface fiber 210NT, an 
optical circulator 212, a first lens 220, a diffraction grating 
230, a second lens 240, and a spatial light modulator 250. 
The operation of optical input fiber 210N, optical output 
fiber 210, optical interface fiber 210, optical circu 
lator 212, first lens 220, diffraction grating 230, and second 
lens 240 in the direction of propagation from optical input 
fiber 210 towards spatial light modulator 250 is described 
herein with respect to FIG. 2. 
0021. As depicted in FIG. 2, optical input fiber 210 is 
coupled to optical circulator 212. The optical input fiber 
210, is adapted for transporting optical input signals. The 
optical input fiber 21N transports optical input signals to 
optical circulator 212. As depicted in FIG. 2, optical circu 
lator 212 directs received optical input signals from the 
optical input fiber 210 to the optical interface fiber 210. 
As depicted in FIG. 2, optical output fiber 210 is coupled 
to optical circulator 212. The optical output fiber 210 is 
adapted for transporting optical output signals. In one 
embodiment, optical output fiber 210cr is adapted for 
transporting modulated optical output signals. The optical 
output fiber 210 receives optical output signals from 
optical circulator 212. 

0022. As depicted in FIG. 2, a first end of optical inter 
face fiber 210N is coupled to optical circulator 212 and a 
second end of optical interface fiber 210 is uncoupled. 
The uncoupled end of optical interface fiber 210N is 
directed towards first lens 220. The optical interface fiber 
210, is adapted for radiating optical input signals received 
from optical input fiber 210N via optical circulator 212 
towards first lens 220. The optical input signal from optical 
circulator 212 radiates out from the tip of the uncoupled end 
of optical interface fiber 210 towards first lens 220 to 
form a radiated, received optical signal 262. As depicted in 
FIG. 2, first lens 220 collimates the radiated, received optical 
signal 262 to form a collimated, received optical signal 264. 
The collimated, received optical signal 264 is incident on 
diffraction grating 230. 

0023. As depicted in FIG. 2, diffraction grating 230 
angularly disperses the collimated, received optical signal 
264 to form a diffracted, received optical signal 266. The 
diffracted, received optical signal 266 from diffraction grat 
ing 230 is incident on second lens 240. The second lens 240 
focuses the diffracted, received optical signal 266 to form a 
dispersed, received optical signal 268. The dispersed, 
received optical signal 268 from second lens 240 is incident 
on spatial light modulator 250. For purposes of clarity, a 
single frequency component (illustratively, optical signal 
430 of FIG. 4) of the diffracted, received optical signal 266 
is depicted and described herein. As such, it should be noted 
that, although not depicted, diffracted, received optical sig 
nal 266 and associated dispersed, received optical signal 268 
comprise multiple frequency components, thereby forming a 
continuous signal spectrum (illustratively, spatially dis 
persed optical signal 420 depicted and described herein with 
respect to FIG. 4). 
0024 FIG. 3 depicts a high-level block diagram of the 
spatial light modulation system, including the spatial light 
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modulator, of FIG. 2. The propagation of a received optical 
signal from an optical input fiber (illustratively, optical input 
fiber 210) to a spatial light modulator (illustratively, 
spatial light modulator 250) is depicted and described herein 
with respect to FIG. 2. The propagation of a modulated 
optical signal from the spatial light modulator (illustratively, 
spatial light modulator 250) to an optical output fiber 
(illustratively, optical output fiber 210) is depicted and 
described with respect to FIG. 3. In particular, as depicted in 
FIG. 3, spatial light modulation system 200 directs the 
modulated optical signal from spatial light modulator 250 
for coupling into optical output fiber 210. 

0025. As depicted in FIG. 3, spatial light modulator 250 
modulates the focused, received optical signal 268 of FIG. 
2 to form a modulated optical signal 302. The spatial light 
modulator 250 reflects the modulated optical signal 302 
towards second lens 240. The second lens 240 collimates 
modulated optical signal 302 to produce collimated, modu 
lated optical signal 304. The second lens 240 collimates the 
modulated optical signal 302 for propagation towards dif 
fraction grating 230. The collimated, modulated optical 
signal 304 from second lens 240 is incident on diffraction 
grating 230. The diffraction grating 230 angularly disperses 
the collimated, modulated optical signal 304 from second 
lens 240 to form a diffracted, modulated optical signal 306. 

0026. As depicted in FIG. 3, the diffracted, modulated 
optical signal 306 produced by diffraction grating 230 is 
incident on first lens 220. The diffracted, modulated optical 
signal 306 includes all spectral components co-propagating 
towards first lens 220. The first lens 220 focuses the dif 
fracted, modulated optical signal 306 to produce a focused, 
modulated optical signal 308. The focused, modulated opti 
cal signal 308 is is incident on the tip of the uncoupled end 
of optical interface fiber 210NT and couples into optical 
interface fiber 210Nr. The modulated optical signal coupled 
into optical interface fiber 210NT propagates through optical 
circulator 212. The optical circulator 212 directs the modu 
lated optical signal (illustratively, in a counter-clockwise 
motion) to optical output fiber 210. 
0027 FIG. 4 depicts an incident view of a plurality of 
modulating component arrays of a spatial light modulator 
according to one embodiment of the invention. Specifically, 
spatial light modulator 400 of FIG. 4 comprises a plurality 
of modulating component pairs 410-410s (collectively, 
modulating component pairs 410). The first modulating 
components 410A-410s of modulating component pairs 
410,-410s form a first modulating component array 410A. 
The second modulating components 410-410s of modu 
lating component pairs 410-410s form a second modulating 
component array 410. Although depicted as comprising 
eight modulating component pairs, spatial light modulator 
400 may include more or fewer modulating component 
pa1rs. 

0028. As depicted in FIG.4, modulating component pairs 
410-410s include modulating components 410A and 
410 410 and 410 410 and 410,410 and 410. 
410A and 410s, 410A and 410 4107A and 4107, and 
410, and 410s, respectively. The first modulating compo 
nent 410A and second modulating component 410 of 
each modulating component pair 410 are adjacent in a 
direction normal to the dispersion direction a spatially 
dispersed optical signal (illustratively, normal to the disper 
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sion direction of spatially dispersed optical signal 420). As 
depicted in FIG. 4, first and second modulating component 
arrays 410A and 410 are one-dimensional arrays. Although 
depicted and described as one-dimensional arrays, in one 
embodiment, modulating component arrays 410A and 410 
may be implemented as multi-dimensional modulating com 
ponent arrays. 

0029. As depicted in FIG. 4, a spatially dispersed optical 
signal 420 is incident upon spatial light modulator 400 such 
that the dispersed optical spectrum is stretched across each 
of modulating component pairs 410. The spatially dispersed 
optical signal 420 is incident upon spatial light modulator 
400 such that a first half (e.g., top half) of spatially dispersed 
optical signal 420 is incident upon modulating components 
410A-410As of first modulating component array 410 and 
a second half (e.g., bottom half of spatially dispersed optical 
signal 420 is incident upon modulating components 410,- 
410s of second modulating component array 410. 
0030. As depicted in FIG. 4, a single-frequency optical 
signal 430 of spatially dispersed optical signal 420 is inci 
dent upon spatial light modulator 400 such that the single 
frequency optical signal 430 is incident upon one of the 
modulating component pairs 410 (illustratively, modulating 
component pair 410). Although one single-frequency opti 
cal signal 430 of spatially dispersed optical signal 420 is 
depicted, various other single-frequency optical signals (not 
depicted) of spatially dispersed optical signal 420 may be 
incident on others of the modulating component pairs 410. 
0031. As described herein, each modulating component 
pair is controllably moveable for performing phase modu 
lation and amplitude modulation. In particular, the first 
modulating component and second modulating component 
of each modulating component pair are adjustable for modu 
lating phase and amplitude of single-frequency components 
of optical signal incident upon spatial light modulator 400. 
In one embodiment, phase modulation and amplitude modu 
lation is performed by controllably moving the modulating 
components of a modulating component pair. In one 
embodiment, modulating components of a modulating com 
ponent pair are moved in a direction normal to their respec 
tive planes (i.e., using a piston motion for moving toward or 
away from the incident optical signal). 
0032. In one embodiment, as described herein, phase 
modulation is achieved by moving a first modulating com 
ponent and a second modulating component an equal dis 
tance Such that the separation between the first and second 
modulating components is constant (i.e., the separation 
between the planes of the reflective surfaces of the first and 
second modulating components is constant). For example, 
the spectral phase of a single-frequency component of a 
spatially dispersed optical signal incident on spatial light 
modulator 400 may be changed from phase=0 to phase=Tt 
(where amplitude=1) by moving the first and second modu 
lating components to encode phase from phase settings 
d=0 and d=0, respectively, to d =TL and d=7t, respec 
tively. In other words, the first and second modulating 
components move an equal distance in the same direction 
Such that, over the course of the movement, separation 
between the first and second modulating components 
remains Substantially constant (i.e., separation=0). 
0033. In one embodiment, as described herein, amplitude 
modulation is achieved by moving a first modulating com 
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ponent and a second modulating component such that the 
separation between the first and second modulating compo 
nents is variable (i.e., the separation between the planes of 
the reflective surfaces of the first and second modulating 
components is changing during the movement). For 
example, the spectral amplitude of a single-frequency com 
ponent of a spatially dispersed optical signal incident on 
spatial light modulator 400 may be changed from ampli 
tude=1 to amplitude=0.5 (where phase remains constant at 
phase=Tt) by actuating the associated first modulating com 
ponent and second modulating component from phase set 
tings d=JLand d=71, respectively, to d=47L/3 and d=2L/ 
3, respectively. In other words, the first and second 
modulating components move an equal distance (C/3) in the 
opposite directions such that, over the course of the move 
ment, the separation between the first and second modulat 
ing components changes from separation=0 to separation= 
2L/3. 

0034. As described herein, spectral phase and/or spectral 
amplitude of a single-frequency optical signal 430 of spa 
tially dispersed optical signal 420 may be modulated by 
actuating first modulating component 410 and second 
modulating component 410 of modulating component pair 
410 to various combinations of phase settings. For example, 
assuming that modulating component pair 4104 is config 
ured such that phase=0 and amplitude=1, first modulating 
component 410 and second modulating component 410 
have phase settings of d=0 and d=0, respectively. In 
continuation of this example, modulation of the spectral 
phase and spectral amplitude of single-frequency optical 
signal 430 such that phase=TL and amplitude=0.5 is achieved 
by actuating the first modulating component 410 and 
second modulating component 410 from initial phase 
settings of d=0 and d=0, respectively, to phase settings of 
d=47L/3 and d=2L/3, respectively. As such, the present 
invention enables spectral phase and spectral amplitude 
modulation using phase-only modulating component actua 
tion. 

0035 FIG. 5 depicts an incident view of a plurality of 
modulating component arrays of a spatial light modulator 
according to one embodiment of the invention. Specifically, 
spatial light modulator 500 of FIG. 5 comprises a plurality 
of modulating component sets 510-510 (collectively, 
modulating component sets 510). The first modulating com 
ponents 510, A-510s of modulating component sets 510 
510s form a first modulating component array 510. The 
second modulating components 510-510s of modulating 
component sets 510-510s form a second modulating com 
ponent array 510. The third modulating components 501 
510s of modulating component sets 510,-510s form a third 
modulating component array 510. Although depicted as 
comprising eight modulating component sets, spatial light 
modulator 500 may include more or fewer modulating 
component sets. 

0036) As depicted in FIG. 5, modulating component sets 
510-510s include modulating components 510A-510, 
510, A-510, 510-510, 510-510, 510-510s, 
510-510,510, A-5107, and 510s-510s, respectively. 
The first, second, and third modulating components 510, 
510, and 510 of each modulating component set 510 
are adjacent in a direction normal to the dispersion direction 
a spatially dispersed optical signal (illustratively, normal to 
the dispersion direction of spatially dispersed optical signal 
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520). As depicted in FIG. 5, first, second, and third modu 
lating component arrays 510, 510, and 510 are one 
dimensional arrays. Although depicted and described as 
one-dimensional arrays, in one embodiment, modulating 
component arrays 510A, 510, and 510 may be imple 
mented as multi-dimensional modulating component arrays. 

0037 As depicted in FIG. 5, a spatially dispersed optical 
signal 520 is incident upon spatial light modulator 500 such 
that the dispersed optical spectrum is incident upon modu 
lating component pairs 510. As depicted in FIG. 5, modu 
lating components 510 are adapted Such that an optical 
power associated with spatially dispersed optical signal 520 
is distributed Substantially equally across modulating com 
ponents 510. Since optical power varies across the spatially 
dispersed optical signal (i.e., the optical power is greater 
near the center of spatially dispersed optical signal 520), the 
modulating components 510 in second modulating compo 
nent array 510 (disposed at the center of the spatially 
dispersed optical signal) are Smaller than the modulating 
components 510 in modulating component arrays 510A and 
510 (disposed at the ends of the spatially dispersed optical 
signal). 

0038. As depicted in FIG. 5, a single-frequency optical 
signal 530 of spatially dispersed optical signal 520 is inci 
dent upon spatial light modulator 500 such that the single 
frequency optical signal 530 is incident upon one of the 
modulating component sets 510-510s (illustratively, modu 
lating component set 510). Although one single-frequency 
optical signal 530 of spatially dispersed optical signal 520 is 
depicted, various other single-frequency optical signals (not 
depicted) of spatially dispersed optical signal 520 may be 
incident on others of the modulating component sets 510 
510s. 
0039 The modulation of spectral phase and spectral 
amplitude of each of the single-frequency optical signals 
530 is performed substantially as described herein with 
respect to FIG. 4, and, as such, is not repeated in detail with 
respect to FIG. 5. Specifically, each modulating component 
in each modulating component set is controllably moveable 
for performing one or both of phase and amplitude modu 
lation. In particular, the modulating components of each 
modulating component set are adjustable (e.g., the respec 
tive phase settings of the first, second, and third modulating 
components are adjustable) for modulating phase and ampli 
tude of a single-frequency component of an incident optical 
signal. In one embodiment, modulating components of a 
modulating component pair are moved using a piston motion 
in a direction normal to the planes of the modulating 
components (i.e., toward or away from the incident optical 
signal). 

0040 FIG. 6 depicts an incident view of a plurality of 
modulating component pairs of a spatial light modulator 
according to one embodiment of the invention. Specifically, 
spatial light modulator 600 of FIG. 6 comprises a plurality 
of modulating component pairs 610-610 (collectively, 
modulating component pairs 610). As depicted in FIG. 6, 
modulating component pairs 610-610 include modulating 
components 610 and 610, 610 and 610, 610 and 
610, and 610A and 610, respectively. The first modu 
lating components 610A-610A and second modulating 
components 610-610 of modulating component pairs 
610-610, are denoted as first modulating components 610 
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and second modulating components 610, respectively. 
Although depicted as comprising four modulating compo 
nent pairs, spatial light modulator 600 may include fewer or 
more modulating component pairs. 
0041 As depicted in FIG. 6, the first modulating com 
ponent 610 and second modulating component 610 of 
each modulating component pair 610 is adjacent in the 
dispersion direction of a spatial dispersed optical signal 
incident on spatial light modulator 600. As such, modulating 
component pairs 610 form a single modulating component 
array Such that the first modulating components and second 
modulating components alternate along the direction of 
dispersion of the optical signal incident on spatial light 
modulator 600. As depicted in FIG. 6, a plurality of single 
frequency optical signals 620-620 (collectively, single 
frequency optical signals 620) is incident upon modulating 
component pairs 610-610, respectively. In one embodi 
ment, single-frequency optical signals 620 are produced 
using a mode-locked laser. 
0042. The modulation of spectral phase and spectral 
amplitude of each of the single-frequency optical signals 
630 is performed substantially as described herein with 
respect to FIG. 4, and, as such, is not repeated in detail with 
respect to FIG. 6. Specifically, each modulating component 
pair is controllably moveable for performing one or both of 
phase and amplitude modulation. In particular, the first and 
second modulating components of each modulating compo 
nent pair are adjustable (i.e., the respective phase settings of 
the first and second modulating components are adjustable) 
for modulating phase and amplitude of a single-frequency 
component of an incident optical signal. In one embodiment, 
modulating components of a modulating component pair are 
moved using a piston motion in a direction normal to the 
planes of the modulating components (i.e., toward or away 
from the incident optical signal). 
0.043 FIG. 7 depicts a spatial light modulator according 
to one embodiment of the invention. Although primarily 
depicted and described herein with respect to using an 
electrode-activated, Suspension-spring micromirror move 
ment control mechanism, various other micromirror move 
ment control mechanisms may be used in accordance with 
the present invention. As depicted in FIG. 7, spatial light 
modulator 700 is depicted using a top view (i.e., from the 
perspective of spatially dispersed optical signals incident on 
micromirrors in micromirror arrays) and a cross-sectional 
view (i.e., for showing the mechanical operation of the 
piston motion of e micromirrors in a micromirror array). 
0044 As depicted in FIG. 7, spatial light modulator 700 
of FIG. 7 includes a substrate 702, a plurality of micromirror 
suspension means 704-704 (collectively, micromirror sus 
pension means 704), a plurality of micromirrors 710 
710s and 710-710s, a plurality of micromirror Supports 
712 A-712s and 712-712s, a micromirror controller 
720, and a memory 740. As depicted in FIG. 2, micromirrors 
710A-710s and 710-710s are depicted using a dotted 
line representation in order to depict the associated plurality 
of micromirror Supports 712A-712s and 712-712s. 
0045. As depicted in FIG. 7, micromirrors 710-710, 
(denoted as micromirrors 710A) form a first micromirror 
array, and micromirrors 710-710s (denoted as micromir 
rors 710) form a second micromirror array. The micromir 
rors 710 and micromirrors 710 are collectively denoted as 
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micromirrors 710. Similarly, micromirror supports 712 
712s (denoted as micromirror Supports 712A) form a first 
micromirror Support array, and micromirrors 712-712s 
(denoted as micromirror supports 712) form a second 
micromirror Support array. The micromirror Supports 712A 
and micromirror supports 712 are collectively denoted as 
micromirror supports 712. 
0046) As depicted in FIG. 7, micromirrors 710-710s 
in first micromirror array 710 are coupled to micromirror 
Supports 712A-712s in first micromirror Support array 
712, using a respective plurality of support means 716, A 
716s. Similarly, micromirrors 710-710s in second 
micromirror array 710 are coupled to micromirror supports 
712-712s in second micromirror Support array 712 
using a respective plurality of support means 716-71 6s. 
As such, the micromirrors 710-710s in first micromirror 
array 710 and the micromirrors 710-710s in second 
micromirror array 710 are suspended above substrate 702. 

0047. As depicted in FIG. 7, micromirror supports 712 
712s in first micromirror Support array 712A are coupled to 
Suspension means 704 and 704 using respective pluralities 
of spring means 714. Similarly, micromirror supports 712 
712s in second micromirror Support array 712 are coupled 
to suspension means 704 and 704 using respective plurali 
ties of spring means 714. As depicted in FIG. 7, suspension 
means 704 are coupled to substrate 702. As such, micro 
mirror Supports 712A-712s in first micromirror Support 
array 712A and micromirror Supports 712-712s in second 
micromirror array 712 are suspended above substrate 702. 
In one embodiment, each spring means 714 is coupled to a 
micromirror support 712 on a side surface of the micromir 
ror support 712. 
0048. As depicted in FIG. 7, a combination of suspension 
means 704, spring means 712, micromirror supports 712, 
and micromirror support means 716 enables micromirrors 
710 to move, using a piston motion, in a direction perpen 
dicular to the surface of the micromirrors 710. As depicted 
in FIG. 7, micromirror motion is controlled by micromirror 
controller 720. In one embodiment, micromirror controller 
720 is adapted for controlling micromirror movement in a 
direction perpendicular to the surface of micromirrors 710. 
In one further embodiment, micromirror controller 720 is 
adapted for controlling various other micromirror move 
mentS. 

0049. As depicted in FIG. 7, a first micromirror actuator 
array (e.g., an array of electrodes) and a second micromirror 
actuator array (e.g., an array of electrodes) associated with 
first micromirror array 710 and second micromirror array 
710, respectively, are coupled to micromirror controller 
720. The micromirror controller 720 provides signals to the 
first and second micromirror actuator arrays for individually 
controlling movement of each micromirror 710A-710s and 
each micromirror 710-710s, respectively. The micromir 
ror controller 720 is adapted for controlling micromirror 
movement (i.e., micromirror position adjustment) for per 
forming phase modulation and amplitude modulation in 
accordance with the present invention using at least one of 
a plurality of micromirror motion control schemes. As such, 
micromirror controller 720 is adapted for individually con 
trolling movement of each micromirror 710. 
0050. As depicted in FIG. 7, micromirror controller 720 
controls micromirror motion by applying varying Voltages to 
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respective electrodes associated with micromirrors 710. 
Although not fully depicted, each of the micromirrors 710 is 
coupled to an associated micromirror Support 712 that is 
Suspended over an associated electrode coupled to Substrate 
702 below the respective micromirrors 710. For example, as 
depicted in FIG.7 (cross-sectional view) micromirrors 710, 
and 710s are coupled to micromirror Supports 712s and 
712 using associated support means 71.68 and 716s, such 
that micromirror Supports 712s and 712s are suspended 
over electrodes 630s and 630s, respectively. As such, 
micromirror controller 720 controls micromirrors 710 using 
Voltages applied to respective electrodes positioned below 
each of the micromirrors 710. 

0051. As depicted in FIG. 7, micromirror controller 720 
is coupled to the plurality of electrodes associated with the 
plurality of micromirrors 710-710s in first micromirror 
array 710A using a respective plurality of Voltage leads 
722-722 (collectively, voltage leads 722). Similarly, 
micromirror controller 720 is coupled to the plurality of 
electrodes associated with the plurality of micromirrors 
710-710s in second micromirror array 710 using a 
respective plurality of Voltage leads 722-722s (collec 
tively, voltage leads 722). The micromirror controller 720 
controls micromirror movement (i.e., micromirror position 
adjustment) for performing phase modulation and amplitude 
modulation in accordance with the present invention. 

0.052 As described herein, a combination of suspension 
means 704, spring means 714, micromirror supports 712, 
support means 716, and electrodes 730 enables adjustment 
of micromirror positions in a direction normal to the Surface 
of micromirrors 710. The position of a micromirror may be 
adjusted Such that the associated micromirror is attracted 
towards the Substrate (i.e., moved away from an incident 
optical signal) or released away from the Substrate (i.e., 
moved towards an incident optical signal)). In one embodi 
ment, micromirrors 710 may be moved by adjusting volt 
ages applied to underlying electrode 730. In one such 
embodiment, application of a constant Voltage to an elec 
trode maintains the associated micromirror at a constant 
position Such that adjustment of the Voltage applied to the 
electrode effects a desired movement of the micromirror 
towards or away from an incident optical signal. 

0053. In one embodiment, an increase in voltage differ 
ence between a micromirror Support and an electrode 
increases the attraction of the micromirror Support (and, 
therefore, the associated micromirror) towards the substrate 
(against the restorative force of the spring means pulling the 
micromirror in the opposite direction, i.e., towards an inci 
dent optical signal). In one embodiment, a decrease in 
Voltage difference between a micromirror Support and an 
electrode decreases the attraction of the micromirror Support 
(and, therefore, the associated micromirror) towards the 
Substrate (enabling the restorative force of the spring means 
to pull the micromirror away from the Substrate, i.e., towards 
the incident optical signal). In one embodiment, the range of 
motion over which each micromirror may move is config 
ured for modulating the phase of an optical signal in the 
range 0.271). 

0054 As described herein, micromirror controller 720 
applies Voltage to the electrodes for controlling micromirror 
movement for adjusting the micromirror positions. In one 
embodiment, a voltage difference between the micromirror 
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support and the electrode determines the extent of the 
micromirror movement and, therefore, the extent of phase 
modulation (e.g., voltage difference =0 V for modulation; 
voltage difference=-15V for JL/2 modulation; voltage differ 
ence=-30V for at modulation; voltage difference=45V for 
371/2 modulation; voltage difference=-60V for 2U modula 
tion; voltage difference=-80V for snapdown). As such, the 
micromirror piston-motion movement range exceeds a 27t 
phase modulation before Snapdown (i.e., the micromirror 
Snaps down in a position Such that the micromirror is 
coupled to the underlying electrode) occurs. 

0055 As described herein, spatially dispersed optical 
signals are incident on the reflective Surfaces of the micro 
mirrors. As the spatially dispersed optical signals strike the 
micromirrors, the spatially dispersed optical signals are 
reflected. The distance that the optical signals travel to reach 
the reflective surfaces of the micromirrors is dictated by the 
respective positions of the micromirrors (e.g., from phase=0 
at Voltage Vo to phase=2it at Voltage V, as well as various 
settings in between). Furthermore, the distance that the 
optical signals travel to reach the reflective surface of the 
micromirrors determines the phase of the optical signals. As 
Such, adjustment of micromirror positions using piston 
motion (where the piston motion moves the reflective sur 
faces of the micromirrors towards and away from the optical 
signal) enables various combinations of phase modulation. 

0056. As depicted in FIG. 7, various combinations of 
phase and amplitude modulation are effected using modu 
lating component pairs (i.e., micromirror pairs). A modulat 
ing component pair includes a first modulating component 
and a second modulating component. The first modulating 
component and second modulating component of each 
modulating component pair are adjacent. For example, 
micromirrors 710-710s and micromirrors 710-710s 
form respective modulating component pairs (i.e., micro 
mirrors 710 and 710 form a first micromirror pair, and 
so on). The configuration (i.e., adjacency) of the first modu 
lating component and second modulating component varies 
across different embodiments of spatial light modulators in 
accordance with the present invention (as depicted and 
described with respect to FIG. 4, FIG. 5, and FIG. 6). 
0057. In one embodiment, each modulating component 
pair is controlled using an associated electrode pair. An 
electrode pair includes a first electrode and a second elec 
trode, where the first electrode in an electrode pair controls 
a first modulating component in the modulating component 
pair and the second electrode in an electrode pair controls a 
second modulating component in the modulating component 
pair. A modulating component is actuated by Voltage Sup 
plied, from a Voltage source, to the electrode associated with 
the modulating component. The application of Voltage to an 
electrode for adjusting the position of the modulating com 
ponent is controlled by an associated modulating component 
controller (illustratively, micromirror controller 720). 
0058 As described herein, a first modulating component 
has an associated first phase setting (denoted as d) and a 
second modulating component has an associated second 
phase setting (denoted as d). The phase settings associated 
with the modulating components in a modulating compo 
nent pair are established using piston-motion modulating 
component adjustments (illustratively, by micromirror con 
troller 620). Table 1 shows target spectral phase and spectral 
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amplitude settings, as well as the first and second phase 
settings associated with first and second modulating com 
ponents, respectively, required for adapting an optical signal 
to obtain the target phase and amplitude settings. 

TABLE 1. 

(p1 (p2 PHASE AMPLITUDE 

O O O 1 
3. 3. 3. 1 

4J.3 23.3 3. O.S 
113.6 73.6 3J.2 O.S 

(371/2) + e J.2 O O.OO1 
(371/2) - e. J.2 3. O.OO1 

3 - e. O 3J.2 O.OO1 

0059. As described herein, spectral phase (denoted as 
PHASE in Table 1) is set according to a phase average 
between the first and second modulating components. For 
example, modulation of phase such that PHASE=37L/2 is 
achieved by actuating first and second modulating compo 
nents such that d=117L/6 and d=7L/6, respectively. As 
described herein, spectral amplitude (denoted as AMPLI 
TUDE in Table 1) is set according to a phase difference 
between the first and second modulating components. For 
example, modulation of amplitude such that AMPLI 
TUDE=1 may be achieved by actuating first and second 
modulating components such that db =TL and t=TL, respec 
tively (i.e., phase difference is 0, corresponding to an 
AMPLITUDE=1). In order to continuously set any spectral 
phase within 0.2 t and any spectral amplitude within 0,1). 
first and second modulating components of each modulating 
component pair are each adapted for modulating phase 
within 0.2 t). 
0060. Upon independent modulation of a frequency com 
ponent of a spatially dispersed optical signal by the first and 
second modulating components, and coupling of the modu 
lated optical signal into a single mode fiber, the modulated 
frequency component couples with a field component. In 
one embodiment, the field component is represented as 
exp(d)+exp(d)/2, which simplifies to exp(d+d)/ 
2cos(d-dd-)/2). As such, the phase average between the 
first and second modulating components sets the spectral 
phase (with a tphase shift contribution from the cosine term 
if the cosine term goes negative). The modulation of phase 
near Small amplitudes is sensitive to phase errors since the 
phase difference between the first and second modulating 
components of a modulating component pair is nearly equal 
tO J. 

0061. In one embodiment, Table 1 is accessed by a 
controller (illustratively, micromirror controller 620) for 
setting first and second modulating components according to 
one of the pairs of first and second phase settings. In one 
embodiment, Table 1 is stored in a memory (illustratively, 
memory 640) for use by the controller in moving micromir 
rors to specific micromirror positions for modulating spec 
tral phase and spectral amplitude of incident optical signals. 
In one such embodiment, the controller is adapted for 
actuating at least one of the first modulating component and 
the second modulating component for modulating one of 
spectral phase only, spectral amplitude only, or both spectral 
phase and spectral amplitude. 
0062 Although various embodiments which incorporate 
the teachings of the present invention have been shown and 
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described in detail herein, those skilled in the art can readily 
devise many other varied embodiments that still incorporate 
these teachings. 

1. An apparatus for modulating spectral phase and spec 
tral amplitude of a received optical signal, comprising: 

a spatial dispersion mechanism for spatially dispersing a 
received optical signal; 

a modulating mechanism comprising a plurality of modu 
lating components, associated ones of the modulating 
components operable for adapting relative phases of 
respective portions of the spatially dispersed optical 
signal, the phase-adapted portions of the spatially dis 
persed optical signal being adapted for modulating 
spectral phase of the received optical signal; and 

a spatial filtering mechanism adapted for destructively 
interfering the phase-adapted portions of the spatially 
dispersed optical signal for modulating spectral ampli 
tude of the received optical signal. 

2. The apparatus of claim 1, further comprising: 
a spatial combination mechanism for spatially combining 

the phase-adapted portions of the spatially dispersed 
optical signal for coupling the phase-adapted portions 
of the spatially dispersed optical signal into the spatial 
filtering mechanism. 

3. The apparatus of claim 1, firer comprising: 
a controller coupled to the modulating mechanism, the 

controller adapted for controllably moving the associ 
ated ones of the modulating components. 

4. The apparatus of claim 3, wherein controllably moving 
the associated ones of the modulating components com 
prises: 

controllably moving the associated ones of the modulat 
ing components for maintaining a constant separation 
between the associated ones of the modulating com 
ponents for modulating thereby the phase of the 
received optical signal; and 

controllably moving the associated ones of the modulat 
ing components for producing a varying separation 
between the associated ones of the modulating com 
ponents for modulating thereby the amplitude of the 
received optical signal. 

5. The apparatus of claim 4, wherein the controller is 
adapted for: 

determining a plurality of first phase settings for the 
associated ones of the modulating components; 

determining a plurality of second phase settings for the 
associated ones of the modulating components; and 

adjusting the associated ones of the modulating compo 
nents from the plurality of first phase settings to the 
respective plurality of second phase settings. 

6. The apparatus of claim 5, further comprising: 
a modulating component adjustment mechanism coupled 

to the controller, the modulating component adjustment 
mechanism comprising a plurality of adjusting compo 
nents associated with the associated ones of the modu 
lating components; 
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wherein the adjusting components are adapted for adjust 
ing the associated ones of the modulating components 
from the plurality of first phase settings to the plurality 
of second phase settings. 

7. The apparatus of claim 1, wherein the modulating 
mechanism is adapted Such that an energy of the spatially 
dispersed optical signal is distributed Substantially equally 
across each of the plurality of modulating components. 

8. The apparatus of claim 1, wherein the modulating 
components comprise micromirrors, the micromirrors being 
controllably moveable in a direction normal to respective 
planes of the micromirrors. 

9. An apparatus, comprising: 
an array of optical reflector sets, each optical reflector set 

having a plurality of optical reflectors, wherein each 
optical reflector in each optical reflector set is normally 
disposed in a Substantially co-planar manner with 
respect to an incident optical signal, wherein each 
optical reflector in each optical reflector set is control 
lably moveable in a direction normal to its plane to 
adapt thereby a relative phase of respective portions of 
the incident optical signal, wherein the phase-adapted 
portions of the incident optical signal are adapted for 
modulating spectral phase of the incident optical signal; 
and 

a spatial filtering mechanism adapted for destructively 
interfering the phase-adapted portions of the incident 
optical signal for modulating the spectral amplitude of 
the incident optical signal. 

10. The apparatus of claim 9, fixer comprising: 
a spatial dispersion mechanism for spatially dispersing a 

received optical signal Such that respective portions of 
the spatially dispersed optical signal are incident on 
respective optical reflectors of the optical reflector sets. 

11. The apparatus of clam 9, further comprising: 
a spatial combination mechanism for spatially combining 

the phase-adapted portions of the incident optical sig 
nal. 

12. The apparatus of claim 9, wherein the spatial filtering 
mechanism comprises a single mode optical fiber. 

13. The apparatus of claim 9, further comprising: 
a controller coupled to the array of optical reflector sets, 

the controller adapted for controllably moving the 
optical reflectors in each optical reflector set. 

14. The apparatus of claim 13, wherein controllably 
moving the first and second modulating components com 
prises: 

controllably moving the optical reflectors in each optical 
reflector set for maintaining a constant separation 
between the optical reflectors in each optical reflector 
set for modulating thereby the phase of the incident 
optical signal; and 

controllably moving the optical reflectors in each optical 
reflector set for producing a varying separation between 
the optical reflectors in each optical reflector set for 
modulating thereby the amplitude of the incident opti 
cal signal. 
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15. An apparatus for modulating one or both of spectral 
phase and spectral amplitude of a received optical signal, 
comprising: 

a spatial dispersion mechanism for spatially dispersing the 
received optical signal; and 

modulating mechanism comprising a plurality of modu 
lating component arrays having respective pluralities of 
modulating components, respective portions of the 
spatially dispersed optical signal being incident on 
associated ones of the modulating components; 
wherein 

the associated ones of the modulating components are 
adjacent in a direction normal to a dispersion direction 
of the spatially dispersed optical signal; and 

the associated ones of the modulating components are 
operable for adapting respective phases of the incident 
portions of the spatially dispersed optical signal, the 
phase-adapted portions of the spatially dispersed opti 
cal signal adaptable for modulating one or both of 
spectral phase and spectral amplitude of the received 
optical signal. 

16. The apparatus of claim 15, further comprising: 

a spatial filtering mechanism adapted for destructively 
interfering the phase-adapted portions of the spatially 
dispersed optical signal for modulating the spectral 
amplitude of the received optical signal. 

17. The apparatus of claim 16, wherein the spatial filtering 
mechanism comprises a single mode optical fiber. 

18. The apparatus of claim 15, further comprising: 

a spatial combination mechanism for spatially combining 
the phase-adapted portions of the spatially dispersed 
optical signal for coupling the phase-adapted portions 
of the spatially dispersed optical signal into a spatial 
filtering mechanism. 

19. The apparatus of claim 15, further comprising: 

a controller coupled to the modulating mechanism, the 
controller adapted for controllably moving the associ 
ated ones of the modulating components. 

20. The apparatus of claim 19, wherein controllably 
moving the associated ones of the modulating components 
comprises: 

controllably moving the associated ones of the modulat 
ing components for maintaining a constant separation 
between the associated ones of the modulating com 
ponents for modulating thereby the phase of the 
received optical signal; and 

controllably moving the associated ones of the modulat 
ing components for producing a varying separation 
between the associated ones of the modulating com 
ponents for modulating thereby the amplitude of the 
received optical signal. 


